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ABSTRACT

The intensity ratios of the and lines in Fexvii were measured on the Livermore electron beam3s r 2p 3d r 2p
ion trap employing a complementary set of spectrometers, including a high-resolution crystal spectrometer and the
Goddard 32 pixel calorimeter. The resulting laboratory data are in agreement with satellite measurements of the
Sun and astrophysical sources in collisional equilibrium such as Capella, Procyon, and NGC 4636. The results
disagree with earlier laboratory measurements and assertions that processes not accounted for in laboratory mea-
surements must play a role in the formation of the Fexvii spectra in solar and astrophysical plasmas.

Subject headings: atomic data — stars: coronae — stars: individual (Capella, Procyon) —
Sun: X-rays, gamma rays — X-rays: general

1. INTRODUCTION

The emission from Fexvii dominates the iron L-shell spec-
trum in the temperature range from 1 to 7 MK and thus is a
very important component for spectral diagnostics. The spec-
trum contains three and three transitions.3d r 2p 3s r 2p
The first three correspond to the electric dipole-allowed tran-
sitions from upper levels , , and5 5(2p 3d ) (2p 3d )1/2 3/2 Jp1 3/2 5/2 Jp1

to the ground state and are commonly5 6(2p 3d ) (2p )3/2 3/2 Jp1 Jp0

labeled 3C, 3D, and 3E, respectively. Two more, labeled 3F
and 3G, correspond to the electric dipole-allowed transitions
from upper levels and , respec-5 5(2p 3s ) (2p 3s )1/2 1/2 Jp1 3/2 1/2 Jp1

tively, to the Fexvii ground state. The last, labeled M2, arises
from the magnetic quadrupole decay of the upper5(2p 3s )1/2 1/2 Jp2

level to ground. These lines have been observed in the Sun,
(e.g., Parkinson 1975; McKenzie et al. 1980; Phillips et al.
1982) as well as in numerous cosmic sources studied with the
Chandra and XMM-Newton observatories (e.g., Canizares et
al. 2000; Brinkman et al. 2000; Behar, Cottam, & Kahn 2001;
Raassen et al. 2002; Xu et al. 2002).

The diagnostic utility of the Fexvii spectrum has been limited,
as atomic models have not been able to reproduce the obser-
vations. Advances in laboratory astrophysics, however, have
started to overcome these limitations. One issue was the intensity
ratio of the 3C and 3D lines observed in solar and astrophysical
sources that was well below the calculated values, leading to
speculation that opacity effects may affect this line ratio (Saba
et al. 1999). Using high-resolution crystal spectrometers, our
laboratory astrophysics program showed that the “low” intensity
ratio is in large part an artifact of the atomic data, which over-
estimated this ratio (Brown et al. 1998, 2001a; Brown, Beiers-
dorfer, & Widmann 2001b; Beiersdorfer et al. 2001) so that
opacity effects in many cases do not need to be invoked to model
this ratio. Moreover, we also showed that the ratio is reduced
by line blending with at least one or more Fexvi lines, depending
on the spectral resolution (Brown et al. 2001a; Behar et al. 2001).

A major remaining issue is the ratio of theI /I3sr2p 3dr2p
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lines to the lines. In most astrophysical sources3s r 2p 3d r 2p
this ratio is found to be consistently larger than calculations. For
example, a study of data collected as part of theSolar Maximum
Mission required an increase of the predicted flux of lines 3F,
3G, and M2 relative to that of 3C by about 50% (Phillips et al.
1999). Understanding whether this discrepancy is caused by
source physics or merely errors in the atomic data is critical and
has wide-reaching implications for their diagnostic use.

In the following, we present measurements of .I /I3sr2p 3dr2p

Our results are in good agreement with the ratios from solar
and astrophysical collisional plasmas where electron-impact
ionization is the dominant excitation mechanism. We therefore
find that no special source-related processes not found in the
laboratory are necessary to explain the observational data.

2. MEASUREMENT

The present measurements were performed on the Lawrence
Livermore National Laboratory (LLNL) electron beam ion trap
EBIT-II. This is the second such device, producing laboratory
data used in atomic codes since 1990. The device includes a
unique suite of spectrometers optimized for multiwavelength lab-
oratory astrophysics measurements. We employed three sets of
instruments to observe the Fexvii spectrum: a broadband crystal
spectrometer (Brown, Beiersdorfer, & Widmann 1999), a flat-
field grazing-incidence spectrometer with charge-coupled device
readout (Utter et al. 1999), and the 32 pixel Goddard microcal-
orimeter (Porter et al. 2000). While this suite of instrumentation
may seem more than sufficient, we deemed this imperative given
that we wanted to firmly determine the correct Fexvii line ratios.

All three of our instruments were carefully calibrated. The
calibration procedure of the crystal spectrometer was described
by Brown et al. (1998) and extended to include the long-wave-
length region well beyond 17 A˚ . The present measurements re-
corded the and lines on a single detector from3d r 2p 3s r 2p
a single rubidium acid-phthalate crystal. The microcalorimeter
represented the engineering model X-ray spectrometer (XRS) of
the Astro-E mission and was thoroughly calibrated in that ca-
pacity (Audley et al. 1999; Gendreau et al. 1999). Furthermore,
in situ calibrations were performed while operating on EBIT-II
with an X-ray tube to monitor the possibility of ice buildup on
the infrared blocking filters while cold. The flat-field spectrom-
eter was calibrated for wavelengths above 10 A˚ at the Advanced
Light Source synchrotron. Moreover, the calibration was checked
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Fig. 1.—Fe xvii emission recorded on EBIT-II with a grazing-incidence
grating spectrometer at an electron beam energy of 1.13 keV. A nonequilibrium
abundance of Fexvi was generated in the trap to demonstrate the enhancement
of lines 3D and 3E through blending with Fexvi and Fexv.

Fig. 3.—Fe xvii emission recorded on EBIT-II with the Goddard X-ray
microcalorimeter at an electron beam energy of 0.93 keV. Lyb denotes the

transition in Oviii.3p r 1s

Fig. 2.—Fexvii emission recorded on EBIT-II with a flat-crystal spectrom-
eter at an electron beam energy of 1.13 keV. Also seen are the Lyb, Lyg, and
Lyd lines from Oviii.

Fig. 4.—Measured to line intensities vs. electron energy.3s r 2p 3d r 2p
Filled circles: Goddard X-ray calorimeter.Crosses: crystal spectrometer.Open
circles: Grating spectrometer.Open squares: SAO calorimeter (Laming et al.
2000).

in situ by recording the Oviii Lyman series and making use of
the predicted intensity pattern (Smith et al. 2001).

To probe possible variations of the Fexvii lines, our mea-
surements were carried out at different beam energies, with equi-
librium and nonequilibrium ionization balances, and various lev-
els of background oxygen impurities. The XRS calorimeter
provided superior throughput and thus collected spectra much
faster than the grating or crystal spectrometer. However, the
higher resolution of the crystal spectrometer was necessary to
account for line blends in the XRS and grating spectra. Typical
spectra obtained with our three instruments are shown in Fig-
ures 1–3. The spectra shown were corrected for instrumental
response but not for the polarization effects discussed below.

The ratios must be adjusted for the fact that the lines excited
by an electron beam are polarized and emitted spatially aniso-
tropic. In line with our earlier measurements and with calcu-
lations (Utter et al. 1999; Zhang, Sampson, & Clark 1990), we
set the polarization for 3C and 3D, forP p 0.40 P p �0.40
3E, for 3F, and for 3G and M2. This changesP p 0.20 P p 0

by a factor of 1.13. In addition, the crystal mea-I /I3sr2p 3dr2p

surements must be adjusted for the polarization-dependent re-
flectivity response (Henke, Gullikson, & Davis 1993).

A summary of the ratios inferred from our mea-I /I3sr2p 3dr2p

surements is shown in Figure 4. In many situations, the intensity
of the lines relative to that of 3C, , is a better3s r 2p I /I3sr2p 3C

diagnostic ratio than . The reason is that lines 3DI /I3sr2p 3dr2p

and 3E are weak and readily blended with lines from lower
charge states of iron, depending on the resolving power of the
measurement. The ratio is summarized in Table 1 andI /I3sr2p 3C

plotted in Figure 5.
Owing to the intrinsic strength of the lines studied, statistics

contribute little (!1%) to the uncertainties in the measured ratios.
Instead, the uncertainties are dominated by systematics associ-
ated with each instrument. An uncertainty common to all mea-
surements is the level of polarization. Assuming insteadP p 0
of for 3F because of resonance and cascade contri-P p 0.20
butions, for example, increases the adjustment factor by 2% to
1.15. The thermal properties of the electron beam have the effect
of reducing the amount of polarization of each line. The thermal
component of the beam energy may range from 110 to 200 eV
under standard operating conditions (Beiersdorfer et al. 1992;
Beiersdorfer & Slater 2001). The latter will reduce the polari-
zation of 3C from to about and the overallP p 0.40 P p 0.30
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TABLE 1
Measured as a Function of Electron EnergyI /I3s r 2p 3C

Energy
(keV) Unadjusted Ratio

Polarization-adjusted
Ratio

XRS Calorimeter

0.83 . . . . . . . . . 2.08 2.33
0.88 . . . . . . . . . 2.12 2.37
0.93 . . . . . . . . . 2.04 2.29
0.95 . . . . . . . . . 1.96 1.96a

0.98 . . . . . . . . . 1.77 1.98
0.99 . . . . . . . . . 1.73 1.96
1.03 . . . . . . . . . 1.83 2.05
1.08 . . . . . . . . . 1.95 2.19
1.13 . . . . . . . . . 2.04 2.28
1.23 . . . . . . . . . 1.61 1.80
1.28 . . . . . . . . . 1.71 1.92
1.33 . . . . . . . . . 1.55 1.74

Grating Spectrometer

0.90 . . . . . . . . . 2.04 2.30
1.13 . . . . . . . . . 1.93 2.18

Crystal Spectrometer

0.90 . . . . . . . . . 1.48 2.29
0.95 . . . . . . . . . 2.01 2.01a

1.13 . . . . . . . . . 1.32 2.04
a Nearly unpolarized beam; no polarization adjustment.

Fig. 5.—Intensities of the transitions relative to line 3C vs. electron3s r 2p
energy. Model calculations using the FAC code (Gu 2002) with and without
resonant excitation are shown as solid and dashed lines, respectively; both are
convolved with a 30 eV spread in the electron beam energy. Also shown is the
range of observational values, which is indicated by the hatched region on the
left. Specific observations are labeled by number. In the astrophysical cases, the
lines may be emitted over a range of temperatures, so that the location in electron
energy is not especially clear. The energy scale on thex-axis should be, therefore,
disregarded for these. In collisional ionization equilibrium, however, the Fexvii
emission is dominated by collisions with electrons near the excitation threshold.
Legend: (1) Raassen et al. (2002; Procyon); (2) McKenzie et al. (1980; Sun);
(3, 4) Hutcheon, Pye, & Evans (1976; Sun); (5) Behar et al. (2001; Capella);
(6) Canizares et al. (2000; Capella); (7) Xu et al. (2002; NGC 4636); (8) Raassen
et al. (2002; Procyon); (9) Brinkman et al. (2000; Capella); (10) Hutcheon et al.
(1976; Sun).

polarization adjustment factor by about 5%. To these uncertain-
ties we add in quadrature the systematic uncertainties associated
with each instrument. In the case of the XRS measurements, we
estimate a 6% uncertainty in the line fitting due to unresolved
oxygen lines as well as a 2% uncertainty in the foil absorption
(detection efficiency) calibration, which gives an 8% overall sys-
tematic uncertainty. For the grating measurements, we estimate
a 9% uncertainty in the reflectivity response and a 6% uncertainty
in the line fitting for a 12% overall uncertainty. The estimated
uncertainties of the crystal measurements include a 1% differ-
ential crystal reflectivity response uncertainty, a 5% foil trans-
mission uncertainty, and a less than 1% uncertainty for line
fitting. The largest uncertainty, 12%, results from polarization-
dependent reflectivity response due to the uncertainty in the as-
sumed polarization. The total systematic uncertainty is 14%.

After polarization adjustment, the results of all three instru-
ments agree with each other better than their respective un-
certainty limits. This agreement not only validates the assumed
polarization values but also indicates that the assumed uncer-
tainty in the line polarizations is likely to be overestimated.

Our attempt to cover a wide parameter space included one
measurement where we detuned the electron beam to increase
the perpendicular energy component of the beam to a point
where we believe that there were little or no polarization effects.
In this case, we made no adjustments for polarization (see
Table 1). In the absence of polarization corrections, these two
points represent alower limit of the ratio. ThisI /I3sr2p 3dr2p

lower limit agrees well with the values obtained assuming full
polarization, again validating our polarization assumptions.

When generating a nonequilibrium fraction of Fexvi to ob-
serve the effect of lower charge states on the Fexvii lines, we
find that a high Fexvi abundance strongly enhances not only
the apparent 3D line but also the apparent 3E line in the grating
and calorimeter observations (see Fig. 1). Both of these features,
therefore, serve as indicators of the presence of low-charge states
of iron in moderate-resolution measurements. In the absence of
Fe xvi, we measured a ratio ranging fromI /I ≈ 0.04�3E 3C

to with the crystal spectrometer for0.01 I /I ≈ 0.06� 0.023E 3C

different beam energies. (This ratio was multiplied by a factor

of 2.6 to account for polarization effects.) Provided the beam
energy is below the threshold for inner-shell ionization of
neon-like iron, i.e., the removal of a or electron above2p 2s
1210 eV, the other four Fexvii lines remain unchanged.

3. DISCUSSION

A recent laboratory measurement of the ratio of the 3s r
to lines reported by Laming et al. (2000) used the2p 3d r 2p

National Institute of Standards and Technology (NIST) electron
beam ion trap and the Smithsonian Astrophysical Observatory
(SAO) single-pixel X-ray calorimeter to measure the Fexvii
spectrum at several fixed electron excitation energies. From these
measurements, they determined that the ratio wasI /I3sr2p 3dr2p

in good agreement with calculations and that “the basic electron
impact excitation theory for these lines in Fexvii appears to be
correct.” Their theory and their laboratory data, however, differed
by nearly a factor of 2 from the ratio measured fromI /I3sr2p 3dr2p

the Sun and Capella. Their result would have far-reaching con-
sequences for solar and astrophysics. In a subsequent paper, the
measured ratios by the NRL-NIST-SAO collaboration were even
smaller (Kink et al. 2001), further increasing the discrepancy
with the astrophysical and solar ratios.

Our measurements strongly disagree with the laboratory data
presented by Laming et al. (2000), as shown by the comparison
with their results in Figure 4. Near excitation threshold, which
typically dominates the line emission in a collisional plasma
in equilibrium, the difference between their values and ours is
nearly a factor of 2.

In Figure 5, we compare our ratios with the ratiosI /I3sr2p 3C

obtained from various solar and astrophysical observations.
Unlike the Laming et al. (2000) values, our values are in very
good agreement with those from collisional astrophysical and
solar plasmas. This agreement demonstrates that the assertion
by Laming et al. that “one must look to other processes to
model the solar and astrophysical observations satisfactorily”
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is moot. There is no need to invoke as of yet unidentified
processes that are absent in the laboratory to explain the as-
trophysical observations.

To understand the source of the disagreement with the NRL-
NIST-SAO data, we point out differences between our mea-
surement and theirs. Laming et al. (2000) assert that the NIST
electron beam ion trap operates “under similar conditions” as
the LLNL electron beam ion trap. However, the NIST electron
beam ion trap does not operate below 700 eV (Taka´cs et al.
1996; Gillaspy 1996), while our device does not have such per-
formance limitations, perhaps because our machine typically op-
erates at significantly lower beam temperatures than the NIST
device (Beiersdorfer et al. 1992, 1999; Beiersdorfer & Slater
2001). Moreover, the uncertainty in the actual electron beam
energy is negligible, as the space charge is measured, not cal-
culated (e.g., Gu et al. 2001). Fexvii burns out in our device
above about 1500 eV in a monoenergetic electron beam plasma.
This is expected from the ionization potentials of Fexvii,
Fe xviii, and Fexix, which are 1262, 1358, and 1456 eV, re-
spectively, and confirmed by ionization balance calculations
(Beiersdorfer et al. 2000). The fact that the NRL-SAO-NIST
measurements observed Fexvii as high as 4 keV (Laming et
al. 2000; Kink et al. 2001) and even 10 keV (Silver et al. 2000)
indicates that their results were obtained under different plasma
conditions from our measurements and that the NIST electron
beam ion trap may not operate in collisional equilibrium. More-
over, the SAO calorimeter did not provide time-resolved data
(J. M. Laming & E. Taka´cs 2002, private communication); as a
consequence, their calorimeter integrated the ionization, recom-
bination, and steady state phases alike. The nonequilibrium con-
ditions in the Laming et al. measurements were already pointed
out by Brown et al. (2001a), who showed that a substantial
fraction of Fexvi contaminated the Laming et al. value of the
3C/3D intensity ratio, reducing their ratio substantially below
the uncontaminated, collisional value measured at LLNL. Sim-
ilarly, the value of 0.10 obtained by Laming et al. for the ratio

of is twice the value we measure in ionization equilibrium.I /I3E 3C

Laming et al. did not have access to high-resolution spectrom-
eters needed to discern line blends. In addition, their calorimeter
response was not calibrated or monitored in situ (J. M. Laming
& E. Takacs 2002, private communication).

Finally, we compare in Figure 5 our experimental data with
a new Fexvii model calculation using the FAC code (Gu 2002).
Two calculations are shown. In the first, electron-impact ex-
citation and radiative cascades are the only line formation pro-
cesses. This calculation includes cascades from levels with prin-
cipal quantum number as high as . Cascades from then p 7
higher n levels have the effect of increasing as aI /I3sr2p 3C

function of electron energy. The second calculation additionally
includes resonance excitation, which is computed in the isolated
resonance approximation. Doubly excited configurations of the
type and with are included.7 ′ 7 ′(2s, 2p) 3lnl (2s, 2p) 4lnl n ≤ 20
The present resonant excitation rate coefficients appear to be
≈50% higher than Goldstein et al. (1989) and Chen & Reed
(1989) for the and levels. The detail of the calculation3s 3p
for Fe xvii and other Fe L-shell ions will be presented in a
later publication (Gu 2002). Inclusion of resonance excitation
brings better agreement with our measurements. This is ex-
pected, as resonance excitation is an integral part of the line
formation process. But the agreement is not yet perfect.
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